Directional detection is an important way to detect dark matter. An input to these experiments is the dark matter velocity distribution. Recent hydrodynamical simulations have shown that the dark matter velocity distribution differs substantially from the Standard Halo Model. We study the impact of some of these updated velocity distribution in dark matter directional detection experiments. We calculate the ratio of events required to confirm the forward-backward asymmetry and the existence of the ring of maximum recoil rate using different dark matter velocity distributions for 19 F and Xe targets. We show that with the use of updated dark matter velocity profiles, the forward-backward asymmetry and the ring of maximum recoil rate can be confirmed using a factor of ∼2 -3 less events when compared to that using the Standard Halo Model.
I. INTRODUCTION
Despite the overwhelming astrophysical evidence for dark matter, particle physics signatures of dark matter are still lacking [1] [2] [3] [4] . There are various ways to detect dark matter particle candidates with masses GeV m χ
TeV. Direct detection, indirect detection, and collider searches form the three-prong approach to detect dark matter particles in this mass range [5] [6] [7] .
Among these three search strategies, direct detection of dark matter is the only way to detect local dark matter particles [8] . These searches typically proceed via the detection of ∼ O(keV) nuclear recoils. Due to the enormous background at these energies, it is extremely difficult to distinguish the dark matter signal from background. In past, dark matter signals have been claimed by some of these searches, however, none of these have stood further detailed scrutiny [9] [10] [11] [12] [13] .
In order to separate signal from background, it was pointed out some time ago to utilize the directional nature of the scattering of dark matter particle with nuclei [14] . The motion of the Solar system through the Galaxy will produce a distinct angular recoil spectrum [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . It is expected that background will not produce such an angular recoil spectrum.
There are numeorus ongoing directional dark matter detection experiments, for e.g., DRIFT [30, 31] , D3 [32, 33] , DMTPC [34] [35] [36] , NEWAGE [37, 38] , and MIMAC [39, 40] .
All these experiments need to reconstruct a track of length ∼ O(mm). All these gaseous targets have a small target mass, and scaling up to a sizable target mass is also an enormous challenge [41] [42] [43] [44] . Recently, there have been suggestions to use dense Xenon gas as a target for directional dark matter detection, but the research and development in that direction is still in a very nascent stage [45] [46] [47] [48] .
In addition to the forward-backward asymmetry, a ring like feature can also be used as an efficient discriminator between signal and background in a dark matter directional detection experiment [49] . The ring corresponds to the angle at which the angular recoil rate is the maximum. The angular recoil rate has a maximum at the "ring angle" and falls off at angles away from it, and this maximum rate appears as a ring (due to the azimuthal symmetry of the scattering) when viewed in 3 dimensions. This feature prominently appears for a dark matter particle masses 100 GeV, and for a low nuclear recoil threshold [49] . Due to the importance of this feature, it is imperative to check the robustness of this feature for various different dark matter velocity distributions.
In this work, we investigate the forward-backward asymmetry and the ring for updated dark matter velocity profiles. Recent hydrodynamical dark matter simulations have shown that the Milky Way dark matter velocity profile deviates from the Standard Halo Model (SHM) [50] [51] [52] [53] . The impact of these velocity profiles on non-directional dark matter searches have been considered recently [53] [54] [55] [56] . Current constraints on dark matter -nucleon scattering cross section from directional detection experiments are quite weak. We estimate the ratios of the number of events required to reach 3σ discrimination in forward-backward asymmetry and the appearance of a ring for various different velocity profiles. Using the ratio makes our result independent of the uncertainties due to the dark matter local density, and the dark matter -nucleon cross section.
We show our results for two targets:
19 F and Xe. Although other targets are also used in directional detection, our choice is representative, and bracket the uncertainty due to different nuclear targets.
The remaining part of the work is arranged as follows. In Section II, we introduce the various dark matter velocity profiles, and recapitulate the necessary formulas for dark matter directional detection. We present our results in Sec. III, and conclude in Sec. IV.
II. CALCULATIONS A. Dark matter velocity profile
The typical dark matter velocity profile used is the standard halo model:
where σ v = 155.59 km s −1 . This analytical velocity model arises from the assumption of an isothermal dark matter density profile. The dark matter velocity in the inertial Galactocentric frame is denoted by v. The escape velocity is assumed to be v esc ∼ 600 km s −1 [57] . Hydrodynamical simulations which include baryons give a different dark matter velocity profile.
Recently, Milky Way like halos from the EAGLE HR [58, 59] and APOSTLE IR [60, 61] simulations were fit to four different dark matter velocity profiles: (1) standard Maxwellian distribution:
(2) generalized Maxwellian distribution:
(3) velocity distribution advocated by Mao et al. [62] :
and (4) velocity distribution advocated by Lisanti et al. [63] :
The criteria for the selection of Milky Way like halos from the simulations were: (i) agreement with the observed Milky Way rotation curve, (ii) stellar mass similar to the Milky Way: 4.5 × 10 10 M < M * < 8.3 × 10 10 M , and (iii) the presence of a stellar disc [64] . There were 14 halos which fit the first two criteria, and only two halos, E9 and E11, fit all the criteria. In general, all of these halos are better fit by the Mao the Cosmological VDF for both the halos E9 and E11. This is a reflection of the poor reduced χ 2 for the Maxwellian VDF for both these halos. Inspite of the poor fit, we include the Maxwellian VDF to broadly encompass the uncertainties in the dark matter velocity profile.
B. Dark matter directional detection
The formalism for dark matter directional detection is well known. Here we recapitulate the main ideas for completeness. The double differential rate (R) w.r.t. the nuclear recoil energy (E nr ) and solid angle (Ω) of a dark matter particle colliding with a nucleus is given by [26] 
where N T denotes the number of target nuclei, the local number density of dark matter particles is denoted by n χ , σ SD A denotes the spin-dependent dark matter -nucleon cross section, F 2 SD denotes the spin-dependent nuclear form factor, m A denotes the mass of the target nuclei, µ denotes the reduced mass of the dark matter -nucleus system, v is the dark matter velocity vector in the Galactic frame, q denotes the nuclear recoil direction vector withq being the corresponding unit vector.
Transforming this expression to the laboratory frame gives us
where Ω v E q denotes that the solid angle is between the velocity of the Earth and the nuclear recoil direction. When the dark matter velocity distribution follows the standard Maxwellian velocity distribution, the above mentioned equation can be integrated exactly to obtain (8) where N denotes the normalization constant for the velocity distribution. The speed of the Earth w.r.t. the Galaxy is denoted by v E . Both the forward-backward asymmetry and the ringlike structure can be understood as a competition between the two exponential functions in eqn. 8. For the dark matter masses that we consider and the 19 F nuclei, the values of µ varies from ∼16 GeV to ∼18.6 GeV. For the dark matter masses that we consider and the Xe nuclei, the values of µ varies from ∼56.3 GeV to ∼115.8 GeV. For the recoil energies that we consider, the recoil momentum of the 19 F nuclei falls between ∼13.7 MeV and ∼19.5 MeV. The recoil momentum of the 19 F nuclei falls between ∼13.7 MeV and ∼19.5 MeV. The recoil momentum of the Xe nuclei falls between ∼32 MeV and ∼72.4 MeV.
The various features in a directional detection experiment can be understood by analyzing eqn. 8. The dependence on the angle, θ v E q , arises through the first exponential term. The energy dependence arises through the spin-dependent form factor and the first exponential term. However, the energy dependence of the spindependent form factor is weak, especially for the low nuclear recoil energy, and it can be approximated as 1 in this approximation.
The number of events in the forward region, cos θ v E q ≤ 0, is larger than that in the backward region, cos θ v E q ≥ 0. This simply follows from eqn. 8 where one can show that at a given energy and angle
In the above approximate expression, we have neglected the term exp [−v can derived from the term exp
If q/2µ < v E , the maximum of the exponential happens when the numerator in the argument becomes zero. This happens at cos θ v E q = −q/(2µ v E ) which gives the "ring angle". The condition for the "ring angle" also implies that the ring is visible for heavier dark matter masses and lower recoil energies. The contrast between the differential rate at the ring, and that at the cos θ v E q = 1 can be analytically derived as
This shows that dark matter velocity profiles with smaller v 0 can produce a larger contrast in the ring.
III. RESULTS
In this section, we first show the nuclear recoil energy spectrum and then estimate the ratio of events to identify the forward-backward asymmetry and the ring at the 3σ level.
In Fig. 2 , we show the differential angular recoil rate when a dark matter particle of mass 100 GeV collides with a 19 F and a Xe nucleus. The differential angular recoil rate when the dark matter velocity distribution follows the Mao et al. distribution are shown by solid blue and magenta lines. The differential angular recoil rate when the dark matter velocity distribution follows the standard Maxwellian distribution are shown by dotted red and brown lines. The differential angular recoil rate for the SHM is shown by the black dotted line. We integrate over the energy range [5, 10] the Xe target. The local dark matter density is taken to be 0.3 GeV/ cm 3 , and the spin-dependent dark matternucleon cross section is taken to be 10 −40 cm 2 for both these figures.
The forward backward asymmetry is clearly visible for all the velocity profiles. The Mao et al. profile shows the most dramatic forward-backward asymmetry. The forward-backward asymmetry for the SHM and the standard Maxwellian distribution is weaker. This can be easily understood from Eqn. 9. The Mao et al. profile has a smaller "effective v 0 ", and hence a larger forwardbackward asymmetry. The SHM and the standard Maxwellian have much larger v 0 , and hence the contrast in their forward-backward asymmetry is much smaller.
The angle θ v E q at which the differential angular recoil rate is maximized is called the "ring" angle. As analytically explained in Eqn. 10, the Mao et al. profile fit produces the largest ring contrast, whereas the SHM and the standard Maxwellian profile fit produces a much weaker ring contrast.
We perform a simple statistical test [49] to determine the ratio of the number of events required for 3σ discrimination for the forward-backward asymmetry for different dark matter velocity profiles. We also calculate the ratio of events for a 3σ discovery of the ring for various different dark matter profiles. Using the ratio of events makes our results independent of the local dark matter density, dark matter -nucleon cross section, and many other uncertainties.
We briefly describe the procedure that we follow, and then describe the results. We calculate the number of events in the forward and backward direction by integrating over θ v E q ∈ [π/2, π] and θ v E q ∈ [0, π/2] respectively. We construct the forward-backward asymmetry as (N F -N 
We increase the exposure so that (N F -N B )/ √ N F + N B = 3. For this exposure, we calculate the total number of events for the given velocity distribution.
As expected from Fig. 2 , the 3σ discrimination in the forward-backward asymmetry is achieved with a smaller number of events for the Mao et al. velocity profile, whereas the standard Maxwellian fit to the halos E9 and E11 require the largest number of events for this discrimination. Fig. 3 shows the ratio of the number of events for various different input dark matter velocity profile required for such a discrimination with a 19 F target. In the top panel, we plot the ratio of the number of events required in the SHM to that of the standard Maxwellian fit to halos E9 and E11 for various dark matter masses. The width of the bands show the Poissonian uncertainty on these ratios. It can be seen that the number of events required in the SHM is ∼60% -70% of that required in the standard Maxwellian velocity distribution function.
In the lower panel of Fig. 2 , we show the ratio of the events required for the SHM velocity profile to the Mao et al. fit to the halos E9 and E11. Since the ring contrast is much larger for the Mao et al. fit to these halos, the number of events required for this discrimination is ∼2 -3 times smaller than that required in SHM.
In Fig. 4 , we show the same for Xe target. Even in this case, the Mao et al. fit to halos E9 and E11 require the least number of events to achieve the 3σ discrimination in the forward-backward asymmetry. The bands representing the ratio has a smaller width compared to that of the 19 F target. This is because the total number of events required for the 3σ discrimination for Xe target is larger than that of 19 F target. We define the ring following Ref. [49] . The ring is defined to be between angles θ v E q1 < θ v E q < θ v E q2 , where
For these two angles, θ v E q1 and θ v E q2 , we calculate the number of events inside these angles and between θ v E q2 and π. We define
, and
. We calculate the exposure required
For such an exposure, we calculate the total number of events in the energy range [5, 10] keV for 19 F and [5, 20] keV for Xe. The ratio of the number of events for the discrimination of the ring for various dark matter velocity profiles is shown in Figs. 5 and 6 for 19 F and Xe target respectively. The number of events required in the SHM for the ring discrimination (with 19 F target) is very similar to the number of events required in the standard Maxwellian fit to the halos E9 and E11 (Fig. 5 top panel) . The number of events required in a 19 F target for the ring discrimination in the case of the Mao et al. profile is about a factor of 2 smaller than in the SHM (Fig. 5  bottom panel) .
The corresponding figures for the Xe target is shown in Fig. 6 . The number of events required for ring discrimination for SHM and standard Maxwellian fit to halos E9 and E11 are almost the same. The sharp downturn of the ratio reflects the fact that the reduced mass of the dark matter -Xe nucleus system changes a lot more slowly once the dark matter mass is greater than the mass of the relevant Xe nucleus. The number of events required for ring discrimination for the Mao et al. velocity distribution fit to halos E9 and E11 is ∼2 -3 times smaller than that required for the SHM velocity distribution.
IV. CONCLUSION
Directional detection of dark matter is one of the most promising ways to unambiguously detect dark matter. Although present constraints are weak, it is expected that near future technological progress will make them more competitive. It has been pointed out that the forward-backward asymmetry and the ring-like structure of the maximum recoil rate can be used as an efficient discriminator between signal and background.
Recent hydrodynamical simulations have shown that the dark matter velocity profile differs substantially from the Standard Halo Model. We consider the SHM, the Mao et al. fit and the Maxwellian fit to halos E9 and E11 from the EAGLE HR and the APOSTLE IR simulations (see Fig. 1 ). The Mao et al. fit has a larger and smaller number of dark matter particles at low and high velocities respectively.
The effect of these different velocity profiles is shown in Fig. 2 for the 19 F and Xe nuclei. The Mao et al. profile shows a much more distinct forward-backward asymmetry and consequently the presence of a ring. It is evident from this figure that fewer events will be required to estimate the forward-backward asymmetry and the presence of a ring when the Mao et al. dark matter velocity profile is considered.
The ratio of the number of events required for the discrimination of the forward-backward asymmetry and the ring is shown in Figs. 3, 4, 5 and 6 . The number of events required for a 3σ determination of the forwardbackward asymmetry and for the evidence of a ring for the Mao et al. profile is ∼2-3 times less than that for SHM for both 19 F and Xe target. It is important to use realistic dark matter velocity distributions while interpreting dark matter direct detection experiments. In this work we studied the impact of these velocity distributions on directional dark matter experiments. The realistic dark matter velocity distributions produce a much more dramatic forwardbackward asymmetry in these experiments. The ring of the maximum dark matter recoil rate is also much more prominent if the Mao et al. velocity distribution is realized in nature. Along with other detection modes of dark matter (see for e.g., [65] [66] [67] [68] [69] [70] [71] ), we hope that the use of these realistic dark matter velocity distributions will improve our understanding of the dark sector physics.
